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Abstract 
Oral administration of the adrenal steroid dehydroepiandrosterone (DHEA), a peroxisome proliferator and hepatocarcinogen in the rat, 
caused an increase in NADPH-dependent lipid peroxidation i microsomes i olated from rat liver and kidney cortex, but not from brain. 
The increase of liver microsomal lipid peroxidation was greater in male than in female rats. The effect of DHEA on lipid peroxidation 
became discernible after feeding steroid-containing diet (0.6%) to male and female rats for 2 and 3 days and reached maximal levels at 1 
and 2 weeks, respectively. The increase of microsomal lipid peroxidation reached aplateau stimulation at 0.05% in the diet. The addition 
of DHEA in the concentration range 0.1-100 /zM to microsomes i olated from control rats had no effect on lipid peroxidation. 
Furthermore, a significant increase of the endogenous concentration f thiobarbituric acid reactive substances was found in microsomes 
after DHEA-administration at 0.05% in the diet. These results provide in vivo evidence that DHEA can cause lipid peroxidation i  rat 
liver. Administration of DHEA at 0.6% in the diet for 7 consecutive days also significantly enhanced NADH- and ascorbate-dependent 
lipid peroxidation i liver microsomes. The DHEA-stimulated rat liver microsomal lipid peroxidation was completely inhibited by EDTA 
but not by superoxide dismutase, catalase or mannitol applied as OH-radical scavenger. The findings indicate that membrane lipid 
peroxidation is an early effect of DHEA, and that this process may be involved in the steroid-induced carcinogenesis in rats. 
Kevwords: Dehydroepiandrosterone; Hepatocarcinogen; Lipid peroxidation; Thiobarbituric acid reactive substance; Malondialdehyde; Microsome; (Rat 
liver) 
I. Introduction 
Free radical production and subsequent lipid peroxida- 
tion are thought o represent mechanisms by which some 
chemicals elicit tumor-initiating and -promoting effects [1]. 
Based on the observation that DHEA blocks superoxide 
generation in phorbol ester-stimulated human polymor- 
phonuclear leukocytes, it was suggested by Schwartz et al. 
[2] that inhibition of free radical production by this steroid 
is one of the mechanisms of its cancer preventive ffects. 
Recently a few papers appeared which also suggest hat 
DHEA may inhibit reactive oxygen species production in 
different issues [3-6]. Despite this, there is some evidence 
Abbreviations: DHEA, dehydroepiandrosterone; MDA, malondialde- 
hyde; TBA, thiobarbituric acid; TBARS, thiobarbituric acid reactive 
substances. 
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that DHEA can in fact increase lipid peroxidation, espe- 
cially in liver. Firstly, treatment of animals with DHEA 
results in the induction of peroxisome proliferation and 
peroxisomal-oxidation e zymes in liver [7 - l l ] .  Secondly, 
dietary DHEA causes an increase in microsomal protein 
content [12]. H20 2 formed in peroxisomes and in micro- 
somes (endoplasmic reticulum) [13-15] may cross biologi- 
cal membranes and participate in the iron-catalyzed Fenton 
and/or  in the Haber-Weiss reactions generating more 
highly reactive hydroxyl radicals [16,17]. Thirdly, dietary 
DHEA causes an increase in the microsomal cytochrome 
P450 level in liver [9,12,18]. Finally, increase of superox- 
ide production correlates closely with an increase in the 
total content of cytochrome P450 [14,19]. 
DHEA-treatment causes degenerative changes in mito- 
chondria, and oxidative injury by toxic oxygen radicals has 
been postulated to be responsible for this alteration [20]. 
McIntosh et al. [21 ] showed potent oxidative damage of rat 
liver induced by DHEA. Thus, it is reasonable to hypothe- 
size that DHEA application to rats leads to increased lipid 
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peroxidation i liver, which may be considered as a crucial 
factor in the recently described steroid-induced hepatocar- 
cinogenesis [22,23]. Parts of the present study have been 
communicated previously [24]. 
2. Materials and methods 
and resedimented at 100 000 X g for 60 min. The washed 
microsomal pellet was then resuspended in the same buffer 
to yield a final concentration of 10 mg protein per ml, and 
stored at -80°C until lipid peroxidation was assayed. 
Microsomal protein concentration was determined by the 
Peterson method [25] with bovine serum albumin as the 
standard. 
2.1. Chemicals 
Dehydroepiandrosterone (DHEA, 3/3-hydroxy-5- 
androsten-17-one) was a generous gift from Schering AG 
Berlin (Berlin, Germany). NADPH, NADH, ADP were 
from Boehringer Mannheim (Mannheim, Germany), and 
FeC12.4HeO, ascorbate, KCI, KHzPO4, EDTA, and su- 
crose from E. Merck (Darmstadt, Germany). Superoxide 
dismutase and catalase were from Sigma (St. Louis, USA), 
and 2-thiobarbituric acid (TBA) from Serva (Heidelberg, 
Germany). All other substances used were of the purest 
grade available. 
2.2. Treatment of  animals 
Male or female Sprague-Dawley strain rats weighing 
approx. 180 g at the start of the investigation were main- 
tained in Macrolon cages under a 12-h light/dark cycle. 
The DHEA was mixed into pellet diet (1324N from A1- 
tromin ®, Lage/Lippe, Germany) to give final concentra- 
tions of 0.005-0.6% by weight. Most of the experiments 
were conducted with diet containing 0.6% DHEA unless 
otherwise mentioned. The rats were divided into two 
groups: animals (male or female) fed DHEA-free diet 
prepared exactly under the same conditions as the DHEA- 
containing diet served as controls; the DHEA group (male 
or female) received steroid-supplemented dietfor 1, 2, 3, 7 
or 14 days. Before the start of the experiment all animals 
were fed regular pellet diet (1324N from Altromin). Both 
groups received tap water ad libitum throughout. 
2.3. Isolation of  microsomes 
At sacrifice the livers, kidneys and brains were put into 
ice-cold isolation medium containing: 0.25 M sucrose, 10 
mM Tris-HC1 (pH 7.4) and 0.1 mM EDTA. Livers and 
brains were cut into small pieces, rinsed in isolation 
medium and homogenized manually. Kidney cortex was 
separated from medulla and treated as liver and brain. 
Homogenates (10% in isolation medium) were centrifuged 
at 600 X g for 10 rain. The resulting supernatants were 
centrifuged at 10000 X g for 10 min to obtain the mito- 
chondrial fraction. The postmitochondrial supernatants 
were centrifuged at 20000 X g for 15 min to remove the 
residual light mitochondria, lysosomes and peroxisomes. 
The supernatants obtained were centrifuged at 100 000 x g 
for 60 min, the microsomal pellet was resuspended in 
1.15% KC1, 5 mM potassium phosphate buffer (pH 7.4) 
2.4. Microsomal ipid peroxidation assay 
Lipid peroxidation was determined as described in Ref. 
[26] by the thiobarbituric acid test using a molar absorption 
coefficient of 1.56× 105 M -~ cm -1 at 535 rim. The 
amount of thiobarbituric acid-reactive substances (TBARS) 
was expressed as the corresponding amount of malon- 
dialdehyde (MDA). It has been shown [27] that with 
microsomal suspensions, in which lipid peroxidation has 
been stimulated by different conditions, the high-perfor- 
mance liquid chromatography method gives exactly the 
same malondialdehyde values as the thiobarbituric acid 
test, which indicates that in microsomal systems mainly 
free malondialdehyde-like substances are formed. In most 
of the experiments he incubation was carried out for 5, 10 
and 15 min at 37°C under air in 1 ml medium containing: 
50 mM Tris-HCl (pH 7.4), 0.575% KC1, 2.5 mM potas- 
sium phosphate buffer (pH 7.4), 2 mM ADP, 0.5 mM 
NADPH, 0.1 mM FeC12 (prepared just before use) and 
0.25 mg microsomal protein. The effect of DHEA in vitro 
was studied in the same medium containing the steroid 
(dissolved in ethanol) at various concentrations: 0.1, 1, 10, 
50 and 100 /xM. Control samples (without DHEA) con- 
tained 5 /xl of ethanol. NADH- and ascorbate-dependent 
lipid peroxidation were assayed as for the NADPH-depen- 
dent reaction except hat NADPH was replaced by 0.5 mM 
NADH or 0.5 mM ascorbate. The reaction was terminated 
at varying time points with 1 ml 30% trichloroacetic acid. 
After centrifugation at 2000 x g for 10 rain, 1 ml of the 
supernatant obtained was used for TBARS determination 
[26]. Endogenous TBARS content was determined for 
control and subtracted. 
The TBARS concentration in liver microsomes was 
determined using the method of Uchiyama and Mihara 
[28]. Briefly, 1.5 ml of 1% H3PO 4 and 0.5 ml of 0.8% 
TBA solution were added to 0.25 ml of 1.15% KCI plus 5 
mM potassium phosphate buffer (pH 7.4) containing 1 mg 
microsomal protein. The mixture was heated in boiling 
water for 1 h and, after cooling, 2 ml of 1-butanol were 
added, mixed vigorously and centrifuged (10 min at 2000 
× g). The difference of absorbance at 535 and 520 nm in 
the butanol phase was used to calculate TBARS concentra- 
tion. 
3. Results 
In microsomes from control male rats lipid peroxidation 
started after a lag period. After 1 day of steroid-treatment, 
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Fig. l. Effect of" DHEA-containing diet on NADPH-dependent microso- 
mal lipid peroxidation i the liver of male (A) and female (B) rats. Rats 
fed control diet (O) or diet containing 0.6% DHEA were killed 2 (• ) ,  3 
(~), 7 (O) or 14 (o )  days after the initiation of steroid feeding. Lipid 
peroxidation was assayed as described in Section 2. Each data point 
represents he mean_+ S.D. of 9 control or 3 treated rats. The lack of a 
vertical bar indicates that the S.D. was too small to be put on the figure. 
The rate of microsomal ipid peroxidation was not 
increased in female rats treated with DHEA for 1 (not 
shown) and 2 days (Fig. 1B). With 3 and 7 days of DHEA 
treatment significant increase of lipid peroxidation oc- 
curred; however, a lag period was observed. TBARS pro- 
duction in microsomes isolated from female rats treated 
with DHEA (0.6%) was linear over a 3-min incubation and 
lag period was absent in microsomes i olated from animals 
treated with the steroid for 14 days. These data indicate 
that: (a) the rate of TBARS production by microsomes 
isolated from female rats reached maximal levels (com- 
parable to that found in male rats) between 7 and 14 days 
after initiating the feeding of the DHEA-containing diet; 
(b) the largest difference in microsomal lipid peroxidation 
between male and female rats was found after 2 days of 
treatment, when in females no effect of DHEA was found 
(Fig. 1B), but the steroid significantly enhanced microso- 
mal lipid peroxidation i  male rats (Fig. 1A). 
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microsomes i olated from male rats showed no significant 
increase of lipid peroxidation (not shown), but after 2 days 
on DHEA, lipid peroxidation was significantly enhanced 
(Fig. 1A). Microsomes isolated from male rats treated with 
DHEA for 3 days still displayed a lag period in TBARS 
production. TBARS production by microsomes isolated 
from male rats treated for either 7 or 14 days with DHEA 
(0.6%) was identical and linear over a 3-min (a lag period 
was absent) incubation period (Fig. 1A). The rate of lipid 
peroxidation in microsomes isolated from DHEA-treated 
animals for 14 days (measured at 5 min of incubation) was 
significantly higher than in microsomes i olated from the 
control rats, being, respectively, 5.7 -I- 0.04 and 1.39 _+ 0.33 
nmol per min per mg microsomal protein. However, after 
30 min of incubation there were no significant differences 
in TBARS production (not shown). This was due to a 
reduction of the reaction rate in microsomes i olated from 
DHEA-treated animals and to an increase in the reaction 
rate in control rats. The above data indicate that the rate of 
lipid peroxidation in microsomes i olated from male rats 
reached maximal values at about I week after initiating the 
feeding of the DHEA-containing diet. 
TBARS produced (nmol/mg protein/5 min) 
B 
DHEA in diet 
(%) 
' 
0.005 
0.01 
0.02 
0.05 
0.1 
0.2 
0.4 
0.6 
q 
I 1 2 3 4 5 6 
[TBARS] (nmol/mg protein) 
Fig. 2. Dose dependence of the effect of dietary DHEA on liver 
NADPH-dependent microsomal lipid peroxidation (A) and on TBARS 
content in microsomes (B). Female rats fed the diet containing different 
concentrations of DHEA (0-0.6%) were killed 7 days after the initiation 
of steroid feeding. Each data point represents he mean _+ S.D. of 6-9 rats. 
Other conditions ee Section 2. 
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Response of microsomal ipid peroxidation in female 
rats to various amounts of DHEA (0.005-0.6%) in the 
diet, each administered for a period of 7 days are shown in 
Fig. 2A. DHEA in the concentration range 0.005%-0.02% 
did not significantly increase TBARS production as com- 
pared to the control. Lipid peroxidation was significantly 
enhanced in animals given a diet containing 0.05% DHEA. 
Further increase of DHEA up to 0.6% in the diet did not 
significantly change the rate of lipid peroxidation as com- 
pared to 0.05%. It should be noted that a stimulation of 
lipid peroxidation similar to that observed in rats fed 
0.05% of DHEA was found, when the steroid (10 mg in 1 
ml corn oil) was administered by gavage daily for 7 
consecutive days. We also determined the endogenous 
TBARS concentration in microsomes isolated from 
DHEA-treated rats (Fig. 2B). An approximately 2- to 
3-fold increase of TBARS-concentration i  microsomes 
was found after treatment of rats with 0.05% in the diet. 
Treatment of rats with diet containing 0.02% DHEA had 
no significant effect on TBARS concentration i  micro- 
somes. The results presented in Fig. 2B provide direct in 
vivo evidence for the presence of lipid peroxidation caused 
by DHEA. Since our previous investigations on peroxi- 
some proliferation and tumor induction [23] were per- 
formed with 0.6% DHEA, most of the experiments in the 
present paper were conducted with this steroid concentra- 
tion. DHEA (up to 100 /xM) added to microsomes i olated 
from control rats and incubated for 5, 10, 15 min was 
without effect on lipid peroxidation. We also examined the 
tissue-specific DHEA-dependent increase of TBARS pro- 
duction (Fig. 3). Feeding 0.6% DHEA in the diet for 1 
week resulted in an approx. 4-fold increase of TBARS 
production by kidney microsomes isolated from female 
rats (at 5 rain of incubation). In brain microsomes, DHEA 
only slightly increased the rate of lipid peroxidation. 
Administration of DHEA (0.6%) for 7 consecutive days 
also enhanced NADH-dependent lipid peroxidation in mi- 
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Fig. 3. Tissue-specific increase of NADPH-dependent lipid peroxidation 
in microsomes from control and DHEA-treated rats. Female rats fed the 
diet containing 0.6% DHEA were killed 7 days after the initiation of 
steroid feeding. Kidney: control (O) and DHEA treated (0); brain: 
control (A) and DHEA treated (A). Each data point represents he 
mean + S.D. of 3 rats. 
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Fig. 4. NADH-dependent lipid peroxidation i  liver microsomes. Male 
(A) and female (B) rats fed control diet (O) or diet containing 0.6% 
DHEA (0) were killed 7 days after the initiation of steroid feeding. The 
lipid peroxidation assay is described in Section 2. Each data point 
represents he mean + S.D. of 9 controls and 3 DHEA-treated rats. The 
lack of vertical bars indicates that he S.D. was too small to be put on the 
figure. 
crosomes from both male (Fig. 4A) and female (Fig. 4B) 
rats. Compared with the rate obtained for control animals, 
microsomal ipid peroxidation was increased by DHEA 
about 5-fold (measured at 5 min of incubation) in both 
male and female rats. Rates of TBARS production in 
DHEA-treated animals were about 3-fold higher (measured 
at 5 min of incubation) with NADPH than with NADH. 
DHEA-stimulated rat liver microsomal lipid peroxidation 
was completely inhibited by the addition of 0.1 mM 
EDTA, but not by superoxide dismutase (100 units per 
ml), catalase (250 units per ml), or mannitol (20 raM). 
Thus neither hydroxyl radicals, superoxide anions nor 
hydrogen peroxide initiated DHEA-stimulated lipid per- 
oxidation under in vitro conditions. We also found that 
DHEA significantly increased lipid peroxidation in micro- 
somes incubated in the presence of Fe2+-ADP and of 
Fe2+-ADP-complex plus ascorbate. 
4. Discussion 
The results presented in this paper indicate for the first 
time that microsomes isolated from the livers of rats 
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treated with DHEA contain higher concentrations of 
TBARS (Fig. 2B) and are more susceptible to lipid per- 
oxidation than microsomes i olated from control animals 
(Figs. 1 and 2A, Figs. 3 and 4). This suggests a potential 
oxidative tissue damage by this steroid when used at 
pharmacological doses. 
It is interesting that DHEA stimulates microsomal lipid 
peroxidation in tissues in which: (a) induction of cy- 
tochrome P-450 4A takes place [29]; (b) high levels of 
peroxisome proliferator-activated receptor are observed 
[30]; (c) dehydroepiandrosterone sulfate specific binding 
protein is present [31] and (d) a high concentration of 
DHEA is found 1 h after drug administration [32]. Consid- 
ering that addition of DHEA to microsomes i olated from 
control rats had no effect on lipid peroxidation, it may be 
concluded that the steroid exerts its effect by an in vivo 
mechanism, possibly by a receptor or other effectors. 
However, the molecular mechanism of the increase in lipid 
peroxidation by DHEA is not clear. DHEA is converted to 
a wide variety of compounds [33,34], both inert, and 
metabolically active (for instance androgens and estrogens), 
which makes it difficult to assess whether the action of this 
steroid is due to DHEA itself, to its metabolites or a 
combination of both. Considering that DHEA feeding in- 
creases peroxisome proliferation [7-11] and the amount of 
the NADPH-cytochrome P-450 reductase/cytochrome P- 
450 (especially cytochrome P-450 4A) system [8,12,18,29], 
it is reasonable to conclude that these events which in- 
crease of H~O~ concentration i  the cell play a crucial role 
in the steroid induced lipid peroxidation. H 202 itself is not 
reactive enough to oxidize cellular components, but its 
ability to diffuse through hydrophobic membranes and to 
generate highly reactive hydroxyl radical at sites distant 
from where it was formed suggest hat all these events 
play an important role in DHEA induction of lipid per- 
oxidation. 
The majority of toxic compounds display a dose-re- 
sponse relationship; however, DHEA appears to have a 
threshold dose below which lipid peroxidation does not 
increase (Fig. 2). The threshold is probably set by defense 
mechanisms of the cell, Below the threshold, substances 
mediating cellular defense against oxidative damage, i.e., 
low molecular weight antioxidants o~-tocopherol, vitamin 
C, /~-carotene, reduced glutathione) can interact directly 
with reactive oxygen species to neutralize them, and/or 
enzymes (superoxide dismutase, catalase, glutathione per- 
oxidase and glutathione reductase) can metabolize reactive 
oxygen species [35]. Above the threshold ose, these de- 
fense systems are overcome, accumulation of reactive 
oxygen species takes place and the process of lipid perox- 
ide production is initiated. 
Sex differences in DHEA-stimulated microsomal lipid 
peroxidation (Fig. 1) cannot be due to different amounts of 
food (DHEA) intake, since female rats eat much more of 
0.6% DHEA-containing diet than male animals [33]. It 
seems that sex differences in DHEA metabolism ight be 
responsible for this phenomenon, since in the male rat liver 
hydroxylation reactions predominate, whereas the female 
rat liver is characterized by a hydrogenating DHEA 
metabolism [33,34]. It should also be pointed out that the 
increase by DHEA treatment in the activity of peroxisomal 
enzymes is much higher in male than in female rats [8]. 
The increase in rate of lipid peroxidation i microsomes 
by DHEA feeding and, TBARS formation by endoplasmic 
reticulum in vivo might be involved in carcinogenicity of
DHEA [22,23,36]. In conclusion, there is now considerable 
evidence that some effects of DHEA used at pharmaco- 
logical dosage in animals and possibly humans can be 
attributed to increased membrane lipid peroxidation. This 
may explain the varied and sometimes diverse effects of 
DHEA [37] since reactive oxygen species are involved in 
many physiological and pathological processes [35,38]. 
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